Abstract-In order to implement high control performance at low speed (2~5 Km/h) for automatic parking system, a speed control algorithm is proposed based on Fuzzy-PI in this paper. First, the desired speed curve is programmed by taking advantage of Laplace-Gaussian curve. In order to avoid fuzzy blind areas, the fuzzy factors of speed error and change rate are adjusted in real-time. Thus, the accuracy of the domain is improved. Then, the desired brake pressure of Electronic Vacuum Booster (EVB) is calculated based on adaptive fuzzy and incremental algorithms. Evaluation on simulation and vehicle test demonstrates that the system based on the improved Fuzzy-PI algorithm can track the desired speed steadily and quickly. The speed and acceleration error during the control process are -0.5~ 0.5 Km/h and -1~ 0.5 m/s² respectively.
INTRODUCTION
Automatic parking system is an intelligent assistant system for parking vehicles quickly and safely. The system employs relevant information around the target space, which are acquired by ultrasonic and image sensors to generate reasonable trajectory the position between target vehicle and target space, and control the wheel to steer with computable angle and the driving speed in a low level to finish parking. The vehicle's speed control is one of the key technologies of automatic parking system. The speed is independently controlled is the only standard on distinguishing the automatic or semi-automatic parking system [1] [2] . The parking speed is limited in 2 ~5 Km/h for the safety and comfort [3] [4] . The low speed control can be simplified into the vehicle's longitudinal control since the speed control range is smaller and lateral migration rate may be neglected in the process of parking [5] .
The difficulties of the low speed control are higher requirements on control range, steady-state error, response time and vehicle's acceleration. In addition, the nonlinear of the vehicle can also cause great influence on it [6] [7] . A longitudinal fuzzy controller was proposed by Cabello [8] , who designed fuzzy rules for controlling throttle and brake. The desired speed was rapidly tracked based on step response. However, the overshoot was larger, for the fuzzy domain saturated zone in the initial stages. A nonlinear brake control algorithm was proposed by Kyongsu et al [9] . It was typically applied to the collision warning/collision avoidance (CW/CA) system. The speed was controlled by operating solenoid valve to control the hydraulic brake. The acceleration curve was programmed to avoid sharply deceleration, and thus the driver's comfort improved. A PID controller was applied to control throttle by Hedrick J K et al [10] [11] . The vehicle's nonlinearity and environment disturbance were often neglected, so the system will be unstable. A longitudinal speed phase control system was proposed by Guan Xin [12] . The throttle was controlled by the acceleration control phase and steady control phase based on resistance integral saturation PID. The control performance was better when the system inputs were sine or steep. However, the adjusting time was increased for avoiding overshoot when the system input is step. A parametric adaptive speed control algorithm was proposed based on a simplified nonlinear vehicle model by Gao Feng [13] . The transmission system stability was also proved by Lyapunov's theory. However, the algorithm cannot be suitable for advanced speed control system, for the complicated calculation.
In summary, traditional low speed control algorithms have still some shortcomings, for example, larger overshoot, long adjustment time and instability. In this paper, a low speed control system is proposed based on Fuzzy-PI algorithm. It integrates the advantages of fuzzy algorithm that independent on the accurate mathematical model and the incremental PI algorithm can quickly and accurately response to the inputs. In addition, the vehicle nonlinearity and the driver's comfort are also considered.
II. LOW SPEED CONTROL SYSTEM FRAMEWORK
The speed control system is combined with CW/CA system for the vehicle's safety. Considering the parking spaces is smaller, the target (desired) speed is limited to (0-5 Km/h), which is less than the vehicle's idle speed range (5-6 Km/h). In this paper, the vehicle's speed is controlled by the brake power of EVB, the frame structure of low speed control system is illustrated in Figure I . It contains a host computer, lower computer and controller area network (CAN) bus. The lower computer includes wheel speed sensor and EVB. The wheel speed sensor collects vehicle's state dates and transfer to CAN bus. The desired pressure is calculated by a microcontroller unit (MCU) and transferred to EVB by CAN bus. The host computer (MCU) calculates date and transfers control commend.
shown in Figure II , the model includes engine model, torque convert model, automatic transmissions model and vehicle longitudinal dynamic model. FIGURE I. THE FRAME STRUCTURE OF LOW SPEED CONTROL SYSTEM FIGURE II. THE FRAME STRUCTURE OF LOW SPEED CONTROL SYSTEM
In this paper, a K type driven by front wheel is applied and the road is smooth cement floor. The vehicle's longitudinal dynamics model [14] is defined as
where m refers to the vehicle's quality; v refers to the 2 (2) where d r and f  refer to tire radius and friction factor; R represents disc braking radius; P represents the force that brake wheel cylinder applied to the brake block; In addition, the relationship between P and the desired pressure m P is expressed as
where d represents wheel cylinder diameter. According to the formula (2) and (3), the relationship between m P and b T is expressed as
Some key simulation parameters are shown in Table I . 
IV. THE SPEED CONTROL ALGORITHM

A. Programming the Speed Curve
The dynamic performance of the low speed control system is often evaluated on step input [8] [10][11] [12] . The step response can accurately track the target speed. However, according to the greater speed error at the initial moment, the output saturation is easy to be formed and the acceleration can be changed dramatically. Some researches on the relationship between vehicle's acceleration and driver's comfort shown that the drivers are comfortable when the acceleration is limited in -2-2.5 m/s² [9] [13][14] [15] . In this paper, the problem is effectively solved by programming speed curve. The method on programming speed curve is formulated as
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Where   
Improved Fuzzy-PI Algorithm
In this section, we present an improved Fuzzy-PI algorithm by modifying quantization factor. According to the abilities of the speed controller, it is more reasonable to design the fuzzy rules less than nine. In this paper, the membership function is divided into five parts, which is expressed as
In the traditional fuzzy algorithm, both the quantization factor and the mapping value from the actual domain to the fuzzy domain are constant. At the initial time, the speed error and its integration is extreme larger when the system input is step signal. It can lead to the fuzzy domain is always stay in saturated areas (NB) and the output is also constant. In addition, the acceleration is also larger in low speed area and the fuzzy membership is often jumped in the nearby of the desired speed. The output increase quickly and the speed decreased sharply. However, the blind area of fuzzy domain is still be introduced, for the deviation of speed error and its integration are smaller.
The precision of the low speed control system is improved by modifying quantization factor dynamically. Therefore, the problem of blind areas and saturation areas are solved effectively. The relationship between quantization factors (   (10) According to the theoretical analysis and driver's operation experience, we can obtain the fuzzy rules, which are shown in Table II and Table III.   TABLE II. THE FUZZY RULES 
C. Designing Fuzzy-PI Controller
The controller structure based on the improved Fuzzy-PI and its flowchart are expressed as Figure V (Table II, Table III ). The desired pressure is obtained based on incremental PI algorithm by the lower controller. Finally, the vehicle's speed is controlled by the output the braking power of EVB. As shown in Figure VII , the simulation speed is appropriately equal to the actual speed when the actual speed is more than 1 Km/h. However, the speed error between simulation and actual is still larger when the actual speed is less than 1 Km/h. The reason is appearing the measuring blind area in the condition. In the experiment, the speed control range is 2~5 Km/h, so the influence can be neglected. In order to compare the performance between the improved Fuzzy-PI algorithm and traditional Fuzzy-PI algorithm, a simulation and actual experiment are implemented respectively. The condition of actual experiment is further divided into linear and steering. The steering wheel is fixed in the condition of steering. In addition, the driver can manually set the desired speed and the desired speed is defined as 2. The static error is appropriately zero in the simulation. However, in the actual experiment, speed vehicle's speed is fluctuant in the near of the desired speed, which the influence on the structure characteristics of EVB. The output of EVB is unstable requiring the low controller to switch magnetic value. The comparison between simulation and experiment are illustrated as Table IV . The peak time is just the same in both simulation and experiment. According to the static error and overshoot, the improved Fuzzy-PI is better than traditional Fuzzy-PI. For the improved Fuzzy-PI algorithm, the peak time is still smaller, and the static error and overshoot is also decreased respectively.
In various desired speed, the acceleration respond curves are illustrated in Figure XIV~ (1) A speed control algorithm is proposed based on Fuzzy-PI. The desired speed curve is programmed by taking advantage of Laplace-Gaussian curve. In addition, the fuzzy factors of speed error and change rate are adjusted in real-time. Then, the desired pressure is calculated by means of adaptive fuzzy and incremental algorithms.
(2) Evaluation on simulation and vehicle test demonstrates that the system based on the improved Fuzzy-PI algorithm can track the desired speed steadily and quickly. The speed and acceleration error during the control process are -0.5~ 0.5 Km/h and -1~ 0.5 m/s² respectively.
